[1] The landscape of the Argyre Planitia and adjoining Charitum and Nereidum Montes in the southern hemisphere of Mars has been heavily modified since formation of the Argyre impact basin. This study examines morphologies in the Argyre region revealed in images acquired by the High Resolution Imaging Science Experiment (HiRISE) camera and discusses the implications for glacial and periglacial processes. Distinctive features such as large grooves, semicircular embayments in high topography, and streamlined hills are interpreted as glacially eroded grooves, cirques, and whalebacks or roche moutonnée, respectively. Large boulders scattered across the floor of a valley may be ground moraine deposited by ice ablation. Glacial interpretations are supported by the association of these features with other landforms typical of glaciated landscapes such as broad valleys with parabolic cross sections and stepped longitudinal profiles, lobate debris aprons interpreted as remnant debris covered glaciers or rock glaciers, and possible hanging valleys. Aligned boulders observed on slopes may also indicate glacial processes such as fluting. Alternatively, boulders aligned on slopes and organized in clumps and polygonal patterns on flatter surfaces may indicate periglacial processes, perhaps postglaciation, that form patterned ground. At least portions of the Argyre region appear to have been modified by processes of ice accumulation, glacial flow, erosion, sediment deposition, ice stagnation and ablation, and perhaps subsequent periglacial processes. The type of bedrock erosion apparent in images suggests that glaciers were, at times, wet based. The number of superposed craters is consistent with geologically recent glacial activity, but may be due to subsequent modification.
Introduction
[2] The history of ice on Mars provides important information about Martian geologic and climatic history driven by variations in orbital parameters and insolation geometry, volatile mass balance, large impacts, volcanic eruptions, and solar luminosity. Evidence of glacial flow has been suggested in several areas on Mars including the Argyre Planitia [e.g., Hodges, 1980; Kargel and Strom,1990, 1992; Baker, 2001; Hiesinger and Head, 2002; Kargel, 2004] , east and south of Hellas basin [e.g., Kargel and Strom, 1992; Kargel, 2004; Head et al., 2005] , the northern fretted terrain [e.g., Moore and Davis, 1987; Kargel and Strom, 1992; Kargel, 2004; Head et al., 2006] , the outflow channels [Lucchitta, 1982] , and the Tharsis volcanoes [e.g., Head and Marchant, 2003; Head et al., 2005; Shean et al., 2007] .
[3] The Argyre Planitia is a prominent Martian impact basin with a diameter in excess of 1500 km. The Argyre Planitia and adjoining mountainous ring ranges, Charitum Montes (on the basin's southern side) and Nereidum Montes (on the basin's northern side), are located in the southern hemisphere of Mars centered at 51°S and 317°E (Figure 1 ) [Tanaka et al., 1992] . This region appears to have been heavily modified by a combination of processes since the formation of the Argyre impact structure; processes that are still not well understood. This has led to many differing interpretations of the geologic history of the Argyre region. Hodges [1980] interpreted the Argyre basin as modified primarily by large-scale erosion and deposition associated with eolian processes, with possible fluvial and glacial processes playing a minor role. In their geologic map of the Argyre region, Scott and Tanaka [1986] proposed significant volcanic activity and deep erosion from wind, periglacial, and fluvial processes. According to Jöns [1987 Jöns [ , 1999 , large portions of the Argyre Planitia have been modified by extensive mud deposits owing to melting of the south polar cap. Using Viking Orbiter and Mars Orbiter Camera (MOC) images, some previous studies have interpreted major landforms in the Argyre Planitia and the Charitum Montes as consistent with a glacial suite of cirques, horns, moraines, drumlins, eskers, kettles, and outwash plains formed by glacial erosional and depositional processes [e.g., Kargel and Strom, 1992; Metzger, 1992; Baker, 2001; Hiesinger and Head, 2002; Kargel, 2004; Banks et al., 2008] . Parker [1996a Parker [ , 1996b attributed the ''fresh'' appearance of the Argyre basin to erosional ''enhancement'' from mass wasting, eolian, fluvial, and lacustrine processes, and suggested that much material in the Charitum and Nereidum Montes has been removed, possibly by fluvial and lacustrine erosion. On the basis of interpretations of channels and valleys cutting across the Charitum and Nereidum Montes, links have also been proposed between possible glacial or meltwater inflows and outflows through the Argyre area and the Dorsa Argentea region (near the south pole) and the northern hemisphere lowlands [e.g., Kargel and Strom, 1992; Parker 1989 Parker , 1994 Parker et al., 2000 Parker et al., , 2003 Head, 2000; Head and Pratt, 2001; Hiesinger and Head, 2002; Ghatan and Head, 2004; Kargel, 2004] .
[4] Images with a pixel scale of up to 0.25 m pixel -1 from the HiRISE camera aboard the Mars Reconnaissance Orbiter (MRO) are revealing previously undiscerned details of the Martian surface [McEwen et al., 2007] . In this study we combine HiRISE imagery with topographic data sets from the Mars Orbiter Laser Altimeter (MOLA) [Smith et al., 2001] onboard Mars Global Surveyor to gain greater insight into the processes that have modified the Argyre Planitia and the surrounding Charitum and Nereidum Montes. We provide preliminary interpretations of new morphologies, and new details revealed in previously observed morphologies, from HiRISE images of the Argyre region ( Figure 1 ) and discuss the implications for glacial and periglacial processes on Mars. When viewed as a whole, the small-scale landforms revealed in HiRISE imagery and the surrounding large-scale landforms form a suite of morphologies in the Argyre region that can be collectively interpreted as the products of past glacial erosion and deposition and possibly subsequent periglacial processes. The character of interpreted glacial effects on Martian landscapes in different studies varies from one region to another, suggesting differences in or evolution of glacier dynamics and the responsible climatic regimes. The nature of the bedrock erosion reported here indicates a period of wet-based glaciation in at least portions of the Argyre region.
Morphologies in the Argyre Planitia and Interpretations

Semicircular Embayments
[5] Semicircular embayments have previously been identified in imagery from the Charitum Montes [e.g., Kargel and Strom, 1990 Strom, , 1992 Kargel, 2004] . Here we take a closer look at these landforms using MOLA data and new details revealed in HiRISE imagery. A mesa in the southern portion of image AEB_000001_0150 is indented by semicircular embayments that are bordered by ridges or crests (Figures 2 and 3 ). Topographic data from MOLA Precision Experiment Data Records (PEDRs) (available at http://pds-geosciences.wustl.edu/missions/mgs/pedr.html) (Figure 2 ). Geomorphic features within the embayment include lineated grooves and striations, streamlined hills, large gullies (or ravines), and lobate debris aprons. The white line indicates the location of the profile in Figure 3b . The circled number in the top left corner indicates the location of the image in Figure 2b . (b) A profile of the semicircular embayment from MOLA Precision Experiment Data Records (PEDR) data. The profile reveals that the basin is concave, relatively deep, and has a relief of $3 km. The maximum slope measured for this profile is $26.5°.
reveal that the basins have concave profiles, are relatively deep, have an average drop in elevation of $3 km, and have steep headwalls with maximum slopes between 20°-30°( Figure 3b ). The rugged relief necessitates that the rocks are competent despite having been deeply eroded.
Geomorphic features within the semicircular basins include lineated grooves or striations, streamlined hills, large gullies (or ravines), and lobate debris aprons (Figure 3a) . The gullies may be coeval with the eroded surfaces but in many cases are superposed over older eroded terrain; some exhibit depositional aprons on top of the valley floor.
[6] Deep alpine theater-headed valleys indicate an erosional process that responded to gravity and preferentially worked on high altitudes or steep slopes. The concave profiles, steep headwalls, semicircular shapes (in plan view), and other characteristics of the embayments are morphologically consistent with that of terrestrial glacial cirques, and the ridges or crests that border the embayments resemble terrestrial arêtes [e.g., Benn and Evans, 1998; Ritter et al., 2002; Kargel, 2004] . The above interpretation is supported by the location of these features on the edges of topographic highs and their association with other potential glacial landforms, such as lineated grooves and streamlined hills, discussed in sections 2.2 and 2.3.
Lineated Grooves
[7] Long grooves or striations are observed in several HiRISE images from both the western ( Figure 4 ) and eastern ( Figure 5 ) Charitum Montes. The grooves are linear, locally parallel to subparallel, and are up to several meters wide and hundreds of meters long. They are primarily located on slopes (Figures 4a and 5 ), although some grooves are observed on relatively flat surfaces on topographic highs (Figure 4b ). The grooves are oriented in the approximate downhill direction and crosscut hundred meter scale bedrock features that may have tens of meters of local relief (Figure 5b ). Many of the larger grooves are mapped on image AEB_000001_0150 (Figure 6a ) and overlain onto a MOLA elevation map (Figure 6b ). From this it can be seen that grooves trend down the local topographic slope rather than following a larger-scale regional pattern. [8] The lineated grooves are oriented in the approximate downhill direction indicating that they most likely formed from a downslope erosional process such as fluvial or glacial flow, or mass wasting. However, the grooves are not constrained within obvious channels and override intermediate-scale topographic features making erosion from ice-rich flows, such as glacial flow, more likely than fluvial flows. Mass wasting processes are also less likely to form grooves that override intermediate-scale features rather than being diverted around them, or to form grooves located on topographic highs where slope angles are well below the angle of repose. In addition, grooves trend down the local topographic slope rather than following a larger-scale regional pattern as would be the case if their formation were due to strong regional winds ( Figure 6 ). Another possible erosional agent is katabatic slope winds [e.g., Magalhaes and Gierasch, 1982; Siili, 1996 Siili, , 1998 Howard, 2000] , although similar features have not been noted elsewhere on Mars where slope winds are believed to be present.
[9] Glacial processes such as grooving and erosional fluting form elongated features with characteristics consistent with those of the Argyre grooves. Terrestrial glacial grooves are parallel to subparallel and typically oriented in the average ice flow direction, which is generally the same as the average downhill direction [e.g., Prest, 1968; Ehlers and Stephan, 1979; Drewry, 1986; Hart, 1995; Benn and Evans, 1998 ]. They also commonly override intermediatescale topographic features and are observed on relatively flat surfaces. Altogether, the lineated depressions are most likely glacial grooves formed by ice-related erosion.
Streamlined Hills
[10] HiRISE images reveal streamlined hills extending from semicircular embayments onto a proximal valley floor in the western Charitum Montes (Figures 2 and 3) . The hills have irregular shapes but are generally streamlined, are Figure 6a overlaying a MOLA elevation map (available at http://jmars.asu.edu). Both grooves and streamlined hills trend down the local topographic slope indicating that they most likely formed from a downslope erosional process. Groove and streamlined hill orientations do not follow a larger-scale regional pattern as would be expected if their formation were due to strong regional winds. oriented in the approximate direction of maximum slope, commonly have grooves on their surface, and often have wider uphill and more tapering downhill ends (Figures 3  and 8 ). The streamlined hills vary in dimensions with widths up to hundreds of meters and lengths of more than a kilometer. Results from a preliminary analysis using MOLA PEDR data show that the streamlined hills have convex and generally symmetrical transverse and longitudinal profiles and one streamlined hill was measured at $60 m in height ( Figure 9 ). However, none of the MOLA profiles used in the analysis follow the longitudinal axes of the hills and thus these results could be misleading. Streamlined hills are mapped on image AEB_000001_0150 along with many of the large grooves (Figure 6a) , and overlain onto a MOLA elevation map (Figure 6b ).
[11] Similar to the grooves, streamlined hills trend down the local topographic slope rather than following a largerscale regional pattern as would be the case if their formation were due to strong regional winds ( Figure 6 ). The streamlined hills are also less likely to have a fluvial origin as streamlined landforms formed by fluvial processes have thinner upstream ends and wider downstream ends. Altogether, the orientation and morphology of the streamlined hills are consistent with that of glacially sculpted bedrock or subglacial till deposits. For example, the streamlined hills may represent glacial erosional features such as roche moutonnée or whalebacks, which commonly form on Earth by glaciers eroding bedrock in high alpine areas. The large dimensions and symmetrical shape (from preliminary analysis) suggest that the streamlined hills are more representative of terrestrial whaleback-like landforms than roche moutonnée which are characteristically smaller and asymmetric with a quarried down ice lee face [e.g., Benn and Evans, 1998 ]. On Earth, glacially formed drumlins, or smooth, elongated, rounded hills with a high, wide, up ice end and gentler sloping, thinner, down ice end [Ritter et al., 2002] , occur in similar swarms and form similar morphologies to the streamlined hills in the Charitum Montes. However, terrestrial drumlins typically form in low-gradient valley floors and plains [e.g., Benn and Evans, 1998 ] while the streamlined landforms in the Argyre region are primarily observed on steeper slopes. Alternatively, the streamlined hills could be the peaks of subglacial deposits exposed by sublimation. Future analysis of high-resolution stereo imaging should reveal more diagnostic details, such as shape, symmetry, and relief, in these landforms.
Large Boulder Deposit
[12] A large boulder-rich deposit blankets much of the valley floor in the center of image AEB_000001_0150 ( Figures 2 and 10) . The deposit appears to be unsorted and includes many large, angular boulders, some more than 10 m in length. Significantly lower densities of boulders are observed on the topographic highs and on slopes. Day and night infrared (IR) images from the Mars Odyssey Thermal Emission Imaging System (THEMIS), indicate that the material on the valley floor is cooler during the day and warmer during the night than the surrounding surfaces ( Figure 11 ), consistent with a relatively high thermal inertia. Differences in thermal inertia are generally related to differences in composition, particle size, and/or packing state/induration of surface material. The differences in thermal inertia observed here most likely indicate that the surfaces surrounding the valley floor are covered with finer unconsolidated material and that the materials on the valley floor are relatively coarse grained, which is consistent with the observations of boulder abundances ( Figure 10 ). The THEMIS images also indicate that the high thermal inertia boulder-rich deposit extends along the valley well beyond the borders of the HiRISE images.
[13] The scattering of large boulders across the valley floor may represent pervasively fractured bedrock material or a deposit of boulder-rich material transported by debris flows, high-velocity fluvial flows, or glacial flow. Small mass wasting events could be responsible for accumulating large boulders at the base of the slopes but are less likely to scatter boulders across a relatively wide valley. Large landslides, such as those in Valles Marineris, may transport boulders many kilometers, [e.g., Lucchitta, 1979; McEwen, 1989; Quantin et al., 2004] although the landslide outline should be visible unless it has been extensively modified. A fluvial flow of sufficient volume and velocity to transport large boulders in a valley that is tens of kilometers wide also seems unlikely, and a source for such a flow is not apparent. The boulder-rich deposit, however, is consistent with accumulations of glacially transported and deposited debris called ground moraine. Terrestrial ground moraine forms when glacial ice stagnates and drops till that is embedded in or on the ice as the ice melts or sublimates. The resulting deposit is an unsorted mixture of boulders, sand, silt, and clay that forms gently rolling hills or plains [e.g., Ritter et al., 2002] . We interpret this boulder-rich deposit to be ground moraine transported by a glacier and deposited as the ice stagnated in a widespread ablation zone.
Lobate Debris Aprons
[14] Several examples of lobate debris aprons have previously been observed in images from the Argyre region ). From a preliminary visual analysis, the deposit appears to be unsorted and includes many large boulders, some more than 10 m in length. Significantly lower concentrations of boulders are observed on topographic highs and on slopes. The circled number in the top left corner indicates the location of the image in Figure 2b . Figure 11 . Partially overlapping THEMIS (a) day (I07867004) and (b) night (I06987006) IR images show that the material on the valley floor is cooler during the day (dark) and warmer during the night (bright) than the surrounding surfaces, consistent with a relatively high thermal inertia. This most likely indicates that the surfaces surrounding the valley floor are covered with finer unconsolidated material and that the dark materials on the valley floor are coarse grained, which is consistent with observations of boulder abundances (Figure 10 ). The THEMIS images also show that the high thermal inertia boulder deposit extends for a considerable distance along the valley floor.
[e.g., Squyres, 1978; Kargel and Strom, 1990, 1992; Kargel, 2004] . Again, HiRISE imagery and MOLA data enable a more detailed look at these landforms. Here, we discuss HiRISE images from the Charitum Montes showing lobate debris aprons issuing from semicircular embayments ( Figure 12 ) and from the wall of a crater ( Figure 13 ). The lobate debris aprons are masses of material that extend from high relief slopes and terminate in lobate forms. MOLA data reveal that the lobes can be more than 250 m thick (Figure 13c ). In several locations, the edges of the lobes are bordered by ridges of material and in some cases, multiple parallel ridges or several generations of ridges are apparent (Figures 12b, 13c , and 13d). Where they are observed on the crater wall, lobes often have pits and ridges on their surface (Figures 13b -13d) , and several lobes appear to overlap (Figure 13b ).
[15] Martian lobate debris aprons were first defined and mapped globally by Squyres and Carr [1986] . They are generally found flanking steep topography and have been identified in many locations on Mars poleward of 35°north and south latitude [e.g., Squyres and Carr, 1986; Sugden et al., 1995; Baker, 2001; Mangold and Allemand, 2001; Whalley and Azizi, 2003; Chuang and Crown, 2005; Mahaney et al., 2007] . Studies comparing measured profiles of lobes with profiles calculated from rheological laws have shown that these features may be formed by the solid state deformation of ice [Mangold and Allemand, 2001] and have interpreted the features to be dust/debris covered glaciers or rock glaciers [e.g., Sugden et al., 1995; Baker, 2001; Mangold and Allemand, 2001; Whalley and Azizi, 2003; Mahaney et al., 2007] . Recent results from the SHAllow RADar (SHARAD) instrument on MRO, indicate that lobate debris aprons in Deuteronilus Mensae, Martian midnorthern latitudes, and in the eastern Hellas region, Martian midsouthern latitudes, are primarily composed of ice-rich material [e.g., Holt et al., 2008; Plaut et al., 2008] .
[16] Owing to their similarities to other lobate debris aprons in the Martian midlatitudes, the lobate debris aprons observed in the Charitum Montes may be interpreted as remnant dirty glacier ice covered with a protective soil lag [e.g., Kargel and Strom, 1990, 1992; Baker, 2001; Kargel, 2004] . Several Martian lobate debris apron studies have also interpreted ridges of material bordering lobes, similar to those observed in the Argyre region, to be moraine deposits (push, drop, and/or terminal moraines) that form when forward flow of the ice transports and deposits debris at the margin of a glacier. The presence of multiple ridges may indicate different periods of advance and retreat of the ice front (Figures 12b, 13c, and 13d) surfaces in Figure 13 , particularly those on the leading edge of the lobes, may be the result of sublimating ice. Ridges on the lobes also potentially formed along crevasses or fractures in the lobe owing to tensile stresses within the ice or may be crevasse-fill ridges in which subglacial till was squeezed up into a crevasse at the base of the ice [Benn and Evans, 1998 ]. Alternatively, prominent ridges on the lobes could be large dunes.
[17] The lobate debris aprons could also be interpreted as rock glaciers with a glacial origin in which the ice is derived from glacial sources, or rock glaciers with a periglacial origin that formed from permafrost in which slope-derived Figure 14 debris is cemented by ground ice [e.g., Wahrhaftig and Cox, 1959; Barsch, 1996; Baker, 2001; Whalley and Azizi, 2003] . In many subpolar alpine mountain ranges on Earth, Holocene rock glaciers commonly represent reactivated masses of ice and rock (sometimes reactivated ice-cored glacial moraines) produced on mountain sides and in cirques eroded by formerly larger Pleistocene age glaciers. However, the topography of large, rapid landslides/rock avalanches, such as Sturzstroms, is similar to rock glacier forms as well [e.g., Lucchitta, 1979; Whalley and Azizi, 2003] and the possibility that the lobate landforms in the Charitum Montes may be the result of mass wasting processes should also be investigated further. If the lobate landforms in the Charitum Montes are indeed rock glaciers or debris covered glaciers, they provide further evidence for the occurrence of glacial and/or periglacial processes that may have been responsible for the formation of other landforms discussed in this study [Baker, 2001; Whalley and Azizi, 2003; Mahaney et al., 2007] .
Valleys
[18] Where grooves and streamlined hills in the Charitum Montes are located on mesas or buttes (as opposed to crater walls), they are also associated with U-shaped valleys with stepped longitudinal profiles. Figure 14 shows several cross-sectional and longitudinal profiles from the main valley in image AEB_000001_0150 and several surrounding smaller valleys. Cross-sectional profiles of the valleys have a symmetrical, parabolic U shape ( Figure 14b) ; quadratic (parabolic) and power law equations are fit to a crosssectional profile from the main valley for comparison of the cross profile to a true parabola (Figure 14c , profile 2). The longitudinal profile for the main valley (Figure 14d , profile 4) exhibits a stepped decrease in elevation with a descending series of scalloped concave forms. Each concave curve segment is separated from the next by a subtle pinnacle or ridge or abrupt change in slope. The longitudinal profiles for nearby tributary valleys (Figure 14d , profiles d and e) also show a stepped decrease in elevation along much of their length with a steep drop in elevation where they intersect with the main valley.
[19] Profiles of valleys in the Charitum Montes (Figure 14 ) are consistent with those of typical terrestrial glaciated valleys; mature river valleys on Earth characteristically have V-shaped cross-sectional profiles and smooth concave longitudinal profiles while formerly glaciated valleys and fjords are parabolic in cross section and have stepped longitudinal profiles (Figure 14 ) [Benn and Evans, 1998; Hiesinger and Head, 2002; Kargel, 2004] . U-shaped profiles are observed in almost any random transect across glaciated alpine landscapes on Earth. In Figure 14c , the data for the southern side slope of profile 2 have been fit to a power law equation of the form
where x and y are horizontal and vertical distances from the center of the valley floor [Harbor and Wheeler, 1992] . Previous studies have shown that, for profiles drawn across valleys orthogonal to the down valley direction, typical terrestrial valleys with little or no glacial modification have b values close to 1.0 while glaciated valley side slopes have b values that range from 1.5 to 2.5 [Graf, 1970; Doornkamp and King, 1971; King, 1974; Hirano and Aniya, 1988] . The b value of $2.4 found for the side slope of the main valley in AEB_000001_0150 (Figure 14c ) is therefore consistent with that of terrestrial glaciated valleys. Such landforms by themselves are not diagnostic of glacial processes since immature valleys formed from erosion by water or valleys formed by lava flow can have similar cross sections [Benn and Evans, 1998; Kargel, 2004] . However, channels formed by water and lava on Earth typically occur on much smaller scales. Catastrophic floods on Mars may form channels on this scale [e.g., Irwin et al., 2002] although a source for such a flood in this area is not apparent. Stepped longitudinal profiles are also characteristic of terrestrial glaciated valleys and are a product of zones of compressional and extensional flow within the glacier. However, stepped longitudinal profiles are also not diagnostic of glacial processes since similar profiles can be formed by immature rivers [Benn and Evans, 1998 ]. The steep drop-off in elevation observed in the longitudinal profiles of two tributary valleys (Figure 14d , profiles d and e) suggests that these may be hanging valleys. Hanging valleys are tributary valleys with a floor well above the main valley floor and a steep escarpment at the junction. They are commonly formed when small glaciers flow into a glacier with a larger volume [Benn and Evans, 1998 ]. The slopes of the steep escarpments in profiles d and e (Figure 14d ) match the Cross-sectional profiles of the main valley and other nearby valleys show a symmetrical, parabolic U shape. The flat shape of the valley floor observed in a profile from a wide section of the main valley (profile 3) may be the result of infilling processes or the presence of a resistant bedrock layer on the valley floor. (c) Quadratic equation and power law function fits (black curves) for profile 2 (red curve) for comparison of the cross profile to a true parabola. The power law function has been fit to the southern half of profile 2 and is consistent with power law function fits for cross-sectional profiles of terrestrial glaciated valleys [Graf, 1970; Doornkamp and King, 1971; King, 1974; Hirano and Aniya, 1988] . Formulas for the black curves are indicated on the plots. (d) Longitudinal profile of the main valley (profile 4) and other nearby tributary valleys (profiles d and e). Profile 4 exhibits a stepped decrease in elevation with a descending series of scalloped concave forms, each separated from the next by a subtle ridge or abrupt change in slope rather than the smooth concave longitudinal profile of a mature stream-eroded valley. Profiles d and e also show a stepped decrease in elevation along much of their length. In addition, profiles d and e reveal a steep drop in elevation of the valley floor where these smaller valleys intersect with the main valley suggesting that they may be hanging valleys, landforms commonly found in formerly glaciated terrain. Note that the vertical exaggeration differs for each plot. average slope of the main valley sidewall which is consistent with a large glacier in the main valley truncating smaller glaciers in the tributary valleys. While hanging valleys can form from differential erosion and in oversteepened fluvial valleys, they are most commonly found in formerly glaciated terrain and offer strong support for the glacial hypothesis.
Aligned Boulders
[20] HiRISE images reveal several examples of aligned angular boulders in the Argyre region (Figures 15 and 16) . On some slopes, boulders appear to be organized into linear stripes that are locally parallel and oriented in the approximate downhill direction. In some locations, the boulders appear to line up along the edges of grooves. Individual boulders are up to several meters in length (Figures 15b and  16b) . The aligned boulders seem to be consistently associated with slopes and are not present on top of topographic highs or on valley floors.
[21] Large boulders are also observed in islands (clusters of boulders) and polygonal patterns, often in close proximity to aligned boulders (Figure 16b ). The boulder polygons and islands appear to be associated with shallower slopes than the aligned boulders, and in some instances the aligned boulders appear to transition into islands and polygonal patterns as slopes decrease (Figure 16c ). Although boulder polygons and aligned boulders are sometimes found in close proximity to each other within the same HiRISE image, they are not always found in the same region together and may or may not be related.
[22] The origin of the angular aligned boulders is unclear at this time and several possible formation mechanisms are plausible. For example, the aligned boulders may be the product of mass-wasting processes such as debris flows, dry rockslides, or rock avalanches which may have produced levees of boulders. Aligned boulders could also represent glacial flutes or flutings. Glacial flutes are elongate, sub- parallel ridges of sediments or subglacial till that are generally straight or gently curving and are oriented parallel to former glacial flow [e.g., Benn and Evans, 1998 ]. In each location, the aligned boulders in the Argyre region are oriented approximately downhill which is the presumed direction of former glacial flow. However, fluted boulder fields on Earth are typically found on relatively flat ground moraine surfaces [e.g., Hoppe and Schytt, 1953] while the Martian examples appear to be associated with relatively steep slopes. Bedrock fluting, on the other hand, is a hallmark of alpine glacial erosion. The grooves associated with some of the aligned boulders may be linear depressed surfaces formed from the removal of finer sediments between the boulders, perhaps by eolian processes. Aligned boulders could also represent a ''boulder train'' or ''dispersal train.'' Terrestrial boulder trains are typically a line or series of boulders that are transported and deposited by a glacier. They can extend up to several kilometers from a distinct bedrock source in the direction of the glacier's movement [e.g., Benn and Evans, 1998 ]. Alternatively, they may develop in situ from erosional degradation of bedrock ridges originally formed by glacial erosion.
[23] Both aligned boulders and boulder polygons may also be periglacial features called patterned ground. Patterned ground in the form of circular, labyrinthine, polygonal, and striped patterns of stones and soil is common in polar and high alpine environments on Earth. When rocks are present in sufficient abundance, sorted stripes of large stones, similar to the aligned boulders observed in the HiRISE images, can form on hillslopes greater than 10°, while islands and polygonal patterns form on flatter surfaces [Kessler and Werner, 2003] (Figure 17) . The patterned ground hypothesis is further supported by the appearance of polygons formed by networks of cracks similar in scale to terrestrial permafrost thermal contraction polygons, also a type of patterned ground, on surfaces surrounding both aligned boulders and boulder polygons (Figure 15c ). Sorted stone stripes on Earth can also transition to polygonal patterns as slopes decrease [Kessler and Werner, 2003 ] which appears to be happening in Figure 16c . In polar and high alpine terrestrial environments, patterned ground is most commonly believed to form from the self-organization of rocks and soil owing to freeze-thaw convection and frost heave in the upper layers of soil [e.g., Hallet and Prestrud, 1986; Kessler and Werner, 2003; Mellon et al., 2007] . Selforganization of boulders may also result from the same processes that form polygonal patterns of soil troughs such as thermal contraction of ice-rich soil (permafrost), the desiccation of clays, or tectonic stresses, [e.g., Mellon, 1997; Kargel, 2004; Mangold et al., 2004 Dobrea et al., 2007] In addition, the redistribution of boulders is similar to Antarctic sand wedge polygons where rocks are convected to the surface and creep into polygon troughs [Sletten et al., 2003; Mellon et al., 2007] . The morphology of many Martian polygonal troughs is most consistent with terrestrial permafrost polygons and thus their presence most likely indicates that ice-rich permafrost is present or has been present geologically recently . Patterned ground in the form of polygonal troughs has been observed in many other areas of Mars, particularly poleward of ±45°[e.g., Mellon, 1997; Seibert and Kargel, 2001; Mangold et al., 2004; Mangold, 2005; Mellon et al., 2007] , and boulders congregated in polygon centers or accumulated in surrounding troughs have been observed in other early HiRISE images .
[24] One difference between the Martian organized boulders and terrestrial examples of patterned ground, is scale. The Martian boulder polygons are on the order of 20 m in diameter and individual boulders in the polygons and stone stripes are up to 5 m in scale. (Figure 16b ). Terrestrial sorted stone circles are typically smaller with diameters of $1 -3 m and are composed of boulders up to $1 m in scale. Generally, the horizontal length scale of patterned ground forms can be related to the depth scale of the processes responsible for the features [e.g., Hallet and Prestrud, 1986] . For example, a 20 m diameter boulder polygon suggests the same magnitude depth scale of seasonal freeze-thaw. However, the seasonal freeze-thaw depth implied here is quite deep for terrestrial thaw and may not be reasonable on Mars thus suggesting that a different formation mechanism for the patterned ground, such as thermal contraction of ice-rich soil, may be more appropriate.
[25] Altogether, the origin of the aligned boulders remains unclear. However, the close association of the aligned boulders with steep slopes, boulder islands and polygons, and polygonal patterns of troughs suggests that they are most likely the result of periglacial processes that occurred postglacially; although the possibility that some of the aligned boulders formed owing to glacial processes also cannot be eliminated at this time. Formation of the aligned boulders by a periglacial process does not weaken or conflict with the glacial hypothesis; on Earth, various types of patterned ground commonly form in till deposited on previously glaciated terrain. If indeed representing patterned ground, the aligned boulders most likely indicate that icerich permafrost is present in portions of the Argyre region or has been present geologically recently. Patterned ground can be preserved beneath cold-based ice and thus, if the glacial ice in this region was cold based, the patterned ground could have formed either before or after the period of glaciation [Benn and Evans, 1998 ]. However, as indicated by the types of erosion observed in the Charitum Montes (i.e., lineated grooves, streamlined hills, cirque-like embayments, and Ushaped valleys), glaciers in this region were most likely wet based at one time and the presence of patterned ground indicates that the landscape has been modified postglacially by periglacial processes.
Discussion
[26] Landforms discussed in this study may individually be explained by various different processes as described above, but can collectively be interpreted as the products of past glacial erosion and deposition and possibly subsequent periglacial processes (Table 1) . Few processes other than glacial processes can generate similar large-scale U-shaped valleys and deep semicircular embayments in the sides of mountains [Kargel, 2004] . When considered as a whole, the suite of morphologies observed in this region support the hypothesis that the Argyre basin has been extensively modified by glacial accumulation and flow. By combining smaller-scale details and morphologies revealed in HiRISE imagery with larger surrounding landforms, we interpret the Argyre Planitia to be an ancient impact basin modified by a period of ice accumulation, glacial flow, erosion, and sediment deposition, ice stagnation and ablation, and perhaps subsequent periglacial processes. This interpretation is in general agreement with several previous studies of the Argyre region using lower-resolution data [e.g., Hodges, 1980; Kargel and Strom, 1990, 1992; Kargel, 2004; Hiesinger and Head, 2002] . Melting may be a key aspect of the ablation process in some, but not necessarily all areas. Evidence of grooving found in this study suggests that the ice may have been present as far north as 35°S. Continued imaging by HiRISE will provide more comprehensive constraints on the extent and distribution of past glacial processes.
[27] The relatively small number of craters observed on proposed glacially resurfaced areas within the Charitum Montes indicates that these surfaces were exposed or modified geologically recently, most likely in the Amazonian epoch. Over the past 3.4 Ga, the number of primary craters !300 m km -2 Ma -1 is expected to be $3.5 Â 10 À5 via both the Hartmann and Neukum production functions [Hartmann, 1999; Hartmann and Neukum, 2001; Neukum et al., 2001] . From this, one primary crater !300 m is expected over the area covered by image AEB_000001_0150 ($2250 km 2 ) (Figure 2 ) every $15 Ma. Within the area of AEB_000001_0150, 26 craters !300 m were measured indicating a crater retention age of $400 Ma. Although this estimate does not necessarily indicate the timing of actual glacial resurfacing, it does indicate that glacial resurfacing of exposed surfaces was completed by $400 Ma and thus provides an approximate minimum age. This approximation suggests somewhat older glaciation or less active subsequent resurfacing than in other midlatitude Martian regions with crater retention ages of $1 -300 Ma [e.g., Mangold, 2003] .
[28] The deep cirques and U-shaped valleys identified in the Charitum Montes suggest a deeper level of glacial erosion over a longer time period than usually seen on Earth. Common glacial erosion rates on Earth are $10 À3 m a À1 [Drewry, 1986] , and typical terrestrial glacial valleys require $10 5 years of cumulative glacial erosion to form [Harbor et al., 1988] . With a depth of $3000 m in the broader portion of the valley in AEB_000001_0150 (Figure 14) , this same valley on Earth would take over a million years to form assuming that the glacier is wet based and sliding. However, Martian ice at approximately 50°S latitude was most likely colder for much of the time, more viscous, and deformed more slowly over longer time scales than typical ice on Earth. Ice has a strongly non-Newtonian rheology with an effective viscosity that is strongly dependent on applied differential or shear stress as well as temperature. Owing to the lower gravity, ice would flow slower on Mars for comparable temperatures, slopes, and ice thickness; hence, the rate of glacial erosion would be much lower and the time scale for the formation of the deep cirques and valleys seen in the Charitum Montes would be considerably longer, probably more than 10 Ma [Kargel, 2004] . This does not take into account the amount of preglacial topography and several factors that may also influence the erosion rate such as bedrock properties, the availability and amount of meltwater, and weathering rates.
[29] The significant amount of bedrock erosion, streamlined hills, grooving and potentially coeval gullies suggest that the glaciation in the Argyre region was at one time wet based. This was previously proposed by Kargel and Strom [1992] and Kargel [2004] and is further supported by new details observed in HiRISE imagery. Larger morphologies observed in the Argyre region, such as concave embayments and U-shaped valleys, are also associated with vigorous erosion from wet-based glaciers on Earth. Sliding is typically negligible below cold-based ice owing to the high adhesive strength of ice and rock below the pressure melting point, making abrasion an ineffective erosive mechanism [Benn and Evans, 1998 ]. Abrasion marks, such as grooves, that do form beneath terrestrial cold-based glaciers are typically variable in shape and size, unlike the relatively uniform and parallel grooves found in this study and on terrestrial bedrock abraded by warm-based sliding ice [e.g., Benn and Evans, 1998; Atkins et al., 2002] . Assuming Martian glaciation involves similar processes to glaciation on Earth, the features observed in the Argyre region indicate that, at least at one time, liquid water was present at the base of the ice.
[30] Proposed ideas for forming meltwater at the base of ice on Mars include shifts in climatic conditions due to obliquity changes and/or modification of the melting point due to impurities such as dust, salt, clathrates, or a proportion of carbon dioxide ice mixed with the water ice [e.g., Greve et al., 2004; Greve and Mahajan, 2005] . In addition, basal melting could occur owing to warmer temperatures at the base of the ice potentially resulting from the insulation provided by a thick glacier, a general increase in geothermal flux, or a temporary heat source under the ice such as a volcanic eruption or a tectonothermal event [e.g., Fishbaugh and Head, 2002; Greve et al., 2004; Greve and Mahajan, 2005; Head et al., 2007] . An alternate idea is that a combination of a low-conductivity surface layer and impermeable subsurface layers allows liquid water to exist in the shallow (few hundred meter) subsurface [Mellon and Phillips, 2001] . Thick glaciers that form on the surface layer could serve to mobilize this preexisting groundwater. The discovery of fractured mounds, interpreted as pingos, concentrated at the same latitudes as the midlatitude gullies supports the Mellon and Phillips model [Dundas et al., 2008] .
[31] Esker-like features, which on Earth are associated with subglacial runoff from warm-based glacial flow, have been identified in the southern Argyre basin and provide additional support for wet-based and highly erosive glaciers [e.g., Metzger, 1992; Kargel and Strom, 1992; Hiesinger and Head, 2002; Kargel, 2004] . However, similar esker-like features or other glaciofluvial landforms have not been identified near many of the glacial features described here. Perhaps additional landforms diagnostic of wet-based glaciation have simply not yet been identified in available Martian data sets. It is also possible that additional glaciofluvial landforms have been erased by a later glacier advance and subsequent transition to cold-based conditions. It is certainly plausible, and not uncommon in terrestrial glacial environments, that the Argyre region has experienced both wet and dry-based glaciation, perhaps even spatially, as paleoconditions and climate have changed through time.
[32] Other common glacial landforms missing from the Argyre landscape are obvious terminal and/or lateral moraines. The huge eroded volumes implied by the size of landforms interpreted as cirques and U channels, should have formed sufficient amounts of till to result in moraine deposits. HiRISE imagery, however, is revealing landforms that may be able to account for at least some of the glacial till. For example, features on the main valley floor in AEB_000001_0150 may represent lateral moraines and ridges at the edges of lobate debris aprons could be terminal or drop moraines. Much glacial till may also have been deposited during a period in which ice was ablating faster than it was flowing forward scattering till over large areas in widespread ablation zones rather than accumulating till into distinct moraine ridges. An example of this may be the large boulder-rich deposit, interpreted as ground moraine, observed on the floor of the valley in AEB_000001_0150 (Figures 10 and 11) . The thickness and volume of the proposed ground moraine is currently unclear, but deposits such as these may account for significant amounts of till. Like potential glaciofluvial deposits, terminal and lateral moraines may also have been destroyed, buried, or incorporated into ground moraine deposited during a later glacial advance and subsequent period of rapid ablation. Various processes such as eolian, periglacial, and mass wasting processes could have eroded, buried, or modified moraines subsequent to deposition as well. Altogether, the current HiRISE coverage of the Argyre region represents only a small piece of what is presumably a much larger glacial landscape. Although we have not conclusively identified a volume of deposits proportionate to the inferred eroded volumes, we do indeed see moraine-like boulder fields and logically infer that additional deposits must exist elsewhere. Presumably, additional erosional debris exists farther in the basin where we could expect there to be boulders, sand, clay, and other ice-related clastics; glaciofluvial deposits; and reworked eolian deposits. Future imaging and analysis will hopefully reveal more insight into potential locations of glacially eroded debris.
[33] The inferred presence of glaciers in this region and the hypothesized presence of ice in other midlatitude Martian regions during perhaps the same or a more recent time period [e.g., Kargel and Strom, 1992; Mangold, 2003; Kargel, 2004; Head et al., 2005] , suggests that significant amounts of ice may have been present on the surface of Mars geologically recently and provides important climatic implications. Conditions in the geologic past appear to have favored accumulation of ice in the midlatitudes for a sustained period of annual net mass balance in ice accumulation zones. This period was sustained long enough for sufficient ice accumulation to create flowing ice masses. The presence of enough ice to form extensive glaciers also indicates a much greater supply of moisture in the Martian atmosphere than is available today. This in turn implies that there was a substantial source for the moisture and that appropriate climatic conditions existed in which the moisture could be released from the reservoir and, if necessary, transported to the midlatitudes [e.g., Baker et al., 1991] . As has been discussed, extensive erosion and the nature of landforms observed in the Argyre region also indicate that at some time, conditions were conducive to the presence of liquid water at the base of the ice. The current absence of the large surface ice masses over much of the proposed glaciated Argyre landscape indicates that the conditions for their formation do not currently exist and that there was a transition to the present-day environment. Continued research and analysis of relic landforms in the Argyre region will help provide a better understanding of the history of water and climate on Mars.
Conclusions
[34] HiRISE images of the circum-Argyre Planitia highlands reveal small and large-scale landforms that can be collectively interpreted as the products of past glacial erosion and deposition and possibly subsequent periglacial processes. Large grooves, semicircular alpine embayments, and streamlined hills are interpreted as glacially eroded grooves, cirques, and glacially streamlined bedrock features such as whalebacks or roche moutonnée, respectively. Large boulders scattered across the floor of a valley may be ground moraine deposited by ice ablation and lobate debris aprons issuing from alpine embayments and the wall of a crater are interpreted as remnant debris covered glaciers or rock glaciers. The glacial hypothesis is further supported by the association of these features with other landforms typical of glaciated landscapes such as broad valleys with parabolic cross sections and stepped longitudinal profiles, and possible hanging valleys. Large aligned boulders observed on slopes may have formed from mass wasting processes or may also indicate glacial processes such as fluting. Alternatively, boulders aligned on slopes and organized in clumps and polygonal patterns on flatter surfaces may indicate periglacial processes, perhaps postglaciation, that form patterned ground.
[35] The results of this study indicate that at least portions of the Argyre region have been heavily modified by processes of ice accumulation, glacial flow, erosion, and sediment deposition, ice stagnation and ablation, and perhaps subsequent periglacial processes. Glacial resurfacing probably occurred over a period of several million years. The number of superposed craters on resurfaced areas is consistent with geologically recent glacial activity, but may also be due to subsequent modification from nonglacial processes. Evidence of grooving found in this study suggests that ice may have been present as far north as 35°S. Future work and continued imaging by HiRISE should provide more comprehensive constraints on the extent and distribution of the groove forming flows. The inferred presence of large ice masses, if this inference is accurate, indicates that there was once a larger amount of moisture available in the atmosphere than today and that past climatic conditions were conducive to an annual net accumulation of ice in the midlatitudes for a sustained period of time. The nature and significant amount of bedrock erosion apparent in images also suggests that the glaciers were, at times, wet based. Future work will focus on testing the glacial hypothesis with further analysis of available imagery and proposed glacial landforms to provide additional insight into the nature of the processes that modified the Argyre landscape.
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